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1 Abstract

Parallel VHDL simulation has emerged from solely
being a subject of academic interest into an area of
practical utility. This paper presents a taxonomy of
parallel VHDL simulation techniques as they are
actually manifest in a variety of parallel VHDL
simulators. The IEEE DASC group on parallel
VHDL simulation is using an evolution of this
taxonomy as a key to simulator-specific
recommended VHDL coding practices for efficient,
high-performance parallel VHDL simulation.

2 Introduction

Over the last scveral years, VHDL has emerged as a
powerful and important tool for developing and
maintaining digital systems. Given its expressibility,
VHDL is useful in describing the function of designs
ranging from small logic circuits to large, abstract
models of computer systems. One unfortunate fact of
life in electronic design automation is the need for
simulation speed and capacity almost always
exceeds what is available.

In order to cost-effectively boost the performance of
VHDL simulation, parallel simulation technigues
can be adopted. Numerous groups have or are
developing parallel VHDL simulators. Exploiting
parallel  processing techniques to  improve
performance is particularly promising because
VHDL explicitly and consistently supports the
notion of concurrent processes.
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To help understand the challenges and opportunities
in parallel VHDL simulation, the IEEE Design
Automation Standards Committee (DASC) has
established a parallel simulation study group chaired
by John Willis (working group PAR applied for).
The group operates a reflector, parallel@ vhdl.org.
For  further  information, mail  parallel-
request@ vhdl.org or jwillis@acm.org.

The group is developing a bibliography detailing
related research to help facilitate the development of
recommended practices. This paper describes a
taxonomy of parallel VHDL simulation techniques
to help provide a structure for the bibliography and
recommended practices. We can place research
efforts and commercial products into this context to
understand them, with appropriate expectations and
recommended practices [WP95].

This paper includes issues related to the choice of
parallel computer architecture for executing the
VHDL simulator (Section 2), parallel simulation
issues unique to VHDL (Section 3), conservative
simulation protocols (Section 4), and optimistic
simulation protocols (Section 5). We focus on
parallel VHDL simulation in this paper rather than
on the broader field of parallel discrete event
simulation (PDES). For a general survey of PDES,
Bailey, Briner, and Chamberlain [BBC94] and
Fujimoto [RF90] give excellent overviews.

3 Architecture:

Paralle] VHDL simulation has been implemented or
can be envisioned on a number of different types of
parallel architectures [MF66]. For purposes of this
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Figure 1 Parallel Architecture Taxonomy

discussion, we will generalize parallel architectures
to include any machine with more than one data
stream and the ability for communications between
the data streams.

Figure 1 summarizes a popular taxonomy of parallel
architectures along with illustrative examples of
machines at each terminal branch of the taxonomy. It
is illustrative that parallel VHDL simulators have
already been run on each of these example
architectures; parallel VHDL simulation is a reality.

Flynn [MF66] suggests the top-most branch in the
taxonomy based on the number of independent
instruction  streams. Machines with multiple
instruction streams are the more flexible and thus
account for most of the interest in parallel VHDL
simulation.

Within the MIMD branch, both shared memory and
distributed (or message-based) machines are popular.
Shared memory machines generally support 2 to
about 20 processors whereas distributed memory
systems can accommodate from several to hundreds
of processors. The degree of coupling (expressed in
terms of communication latency, bandwidth and
affinity) ranges from uniform memory access time
machines (small, tightly coupled) to large but loosely
coupled distributed memory systems.
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SIMD machines can be used to simulate VHDL
models with a very small range of process data flows
and component-specific behavior, as is often the case
with gate-level models. Such machines often have
high raw performance and hundreds to tens of
thousands of processors. The processors in SIMD
machines tend to be very simple and thus cost-
effective.

4 VHDL-Specific Concerns for PDES:

VHDL is the most flexible and expressive language
generally used to describe models for parallel,
discrete event (PDES) simulation. As a result,
VHDL introduces a set of challenges and
opportunities seldom found in the more general body
of PDES work. This section emphasizes these
aspects of VHDL.

Signals are VHDL’s primary mechanism for
communicating between sequential processes. This
correspondence  between  VHDL  and  the
communicating sequential processes paradigm
greatly facilitates compilation of VHDL for parallel
machines by cleanly decoupling parallel and
sequential semantics.

Signal drivers can project pending events (waveform
elements) out into the temporal future. Mechanisms
for merging pending events with new events



(representing inertial and transport delay) further
confound interprocessor communication. In the most
general case, messages cannot be sent when they are
generated by a signal assignment; this is only
possible under special case optimization.

VHDL signals have at least a delta (non-zero)
propagation delay. Thus there are no zero-delay
cycles which would serve to complicate conservative
PDES. However in VHDL-93, shared variables were
added, resulting in the potential for zero-delay
communications involving two or more processes.
This complication not only requires conservative
PDES implementations to deal with deadlock
induced by the simulation algorithm, it also leads to
potentially non-deterministic results on almost any
parallel VHDL implementation. Recognizing this as
a problem, IEEE’s RevCon (Review Committee)
directed DASC to develop a solution. DASC’s
shared variable working group is refining a form of
Ada’s protected type as a partial solution.

VHDL’s strong typing system is a very significant
asset when simulating on parallel computers with
heterogeneous instruction set architectures. Many
hardware description languages do not specify
aspects such as actual data type precision and
correspondence of integers to bit vectors. When
executed on a heterogenous system, arbitrary
mapping decisions between processes and processors
have the potential for generating a wide variety of
results.

Following the Ada model, VHDL’s type system
provides a very restricted form of pointer, known as
an access type. Operators on access types are very
limited, reducing the aliasing problems often
encountered when parallelizing languages such as C
(with more flexible pointers). VHDL-93’s ability to
create shared variables of access type complicate
static aliasing analysis. Again, DASC’s Shared
Variable Working Group has already recognized the
problem and is drafting a solution based on protected

types.

By enabling design at a higher level of abstraction,
VHDL has the ability to describe a system with
fewer sequential processes than an equivalent gate-
level design. Generally higher levels of abstraction
simulate more efficiently (on a uniprocessor or
parallel processor). However if too few processes are
ready for evaluation within a given time window, a
paraliel simulator may need to idle processors.
Research has addressed this problem by both
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increasing the time window across which processes
may be concurrently evaluated [CV91] and
permitting concurrent evaluation of the same process
[TW92].

5 Conservative algorithms:

In a conservative PDES, simulation activity always
corresponds to activity which must occur in the
actual system being simulated. In the simulation
domain, time monotonically advances. Each process
evaluation and signal propagation contributes to the
simulation. Conceptually, conservative PDES is
simple to implement and wuses computations
efficiently.

Exploitable parallelism is the greatest challenge to
the use of conservative PDES for practical VHDL
simulation.  Exploitable parallelism can be
quantitatively expressed as the time-averaged duty
cycle of all processors assigned to accomplish a
parallel simulation. For a conservative PDES
implementation and a fixed number of processors,
both the absolute performance and cost-efficiency
are proportional to the exploitable parallelism.

Synchronous approaches to conservative PDES
require that all processors complete execution of
computations at a given simulation time before any
may proceed on to executions at the next time step
(in practice, pipelining across this time barrier is
feasible). In effect, for synchronous, conservative
PDES, all processors synchronize at a barrier before
advancing to the next time step.

The exploitable parallelism of synchronous,
conservative PDES implementations is critically
dependent on both the average number of active
processes at each instant in time and the uniformity
with which these processes can be partitioned among
processors. Several studies have used event logs and
sampling of a central event queue to characterize the
average number of processes active at any instant in
time. For event driven languages (e.g. VHDL) and
delay-based modeling styles (e.g. Vital), these
studies tend to show a high activity variance across
time (a few active processes at one instant, hundreds
to millions at others).

Research at the University of Michigan showed that
even relatively simple, but massive, SIMD machines
can be effectively used for synchronous PDES if the
domain of primitive process types and timing is
suitably restricted [AD92].



Vantage’s SpeedWave MT VHDL simulator [HD94]
uses shared memory (UMA architecture) and a
lockable, shared event queue so as to dynamically
assign evaluations to processors. Since most VHDL
models have at least several active processes at a
time step (or none at all), we would expect
SpeedWave MT to yield good speedups for the
relatively small number of processors (2 to 8)
typically configured around a shared memory. These
are indeed the kind of encouraging resulis reported
for SpeedWave MT.

Zycad’s ViP (now withdrawn from Zycad’s formal
product line) [VV94] harnesses up to 64 tightly
coupled MIPS processors and HDL-specific
hardware assists to implement a synchronous,
conservative PDES (tightly-coupled, message-based
architecture). ViP uses dedicated hardware to
pipcline the VHDL simulation cycle. Static
partitioning of VHDL processes to processors
climinates contention for central event queues and
improves cache performance. However, we might
expect ViP to be more sensitive to how evenly
process activity is distributed across processors at
each simulation cycle (due to static partitioning).
Zycad users indeed report encouraging speedups
using several tens of processors, however substantial
effort needs to be invested in suitable coding styles
and partitioning.

Since the total number of processes active at any
instant in time is inherently bounded for a given
model, stimulus and time instant, further increases in
simulation performance may be gained by allowing
each processor participating in the simulation to
execute evaluations at one or more instants in time
which may be distinct for each processor. Provided
these evaluations all correspond to the actual system
under simulation, we will refer to this approach as
asynchronous, conservative PDES.

Several projects have studied the natural parallelism
inherent in VHDL models as a result of the target
machine, simulation algorithm and nawral
parallelism of the model ([TC92, YH92, YH93, JS93,
PA94]. These studies are essential to improve our
understanding of the constraints governing the
absolute performance of a simulation

The US Air Force Institute of Technology (AFIT)
[KK95] has developed an  asynchronous,
conservative PDS simulator following the Bryant/
Chandy/Misra algorithm [RB77]. AFIT’s research
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focuses on optimization of null-messages and
partitioning algorithms to effectively use Intel iPSC/
2 hypercubes and Paragons.

The Auriga compiler, involving Carnegie Mellon
University [JW91], The University of Minnesota
(JW95], IBM [JW93] and FTL Systems, uses an
asynchronous, conservative approach to PDES.
During compilation, Auriga clusters elaborated
VHDL processes (or process fragments) which may
execute at the same instant in time (reduces to cycle-
driven approach in special cases) [JW91]. These
clusters retain their own local clock, which advances
monotonically forward as simulation progresses. In
order to increase the acceptable variance between
local clocks, each event message not only implies
the time at which an event occurs, but also the
minimum time until the next event on that signal or
sub-signal. The minimum time until the next event is
largely based on a compile-time dataflow analysis.
Using this approach, substantial speedups are
feasible using systems with tens to hundreds of
message-linked processors (e.g. Thinking Machines
CM-3, Intel Paragon and IBM SP2), min-cut like
static partitioning and low communication latency
[TW95].

Using trace-driven simulation, researchers at the
University of Genoa also concluded that asynchrony,
correct static partitioning, and tight coupling were
critical for effective parallel VHDL simulation
[CGY4]. Static partitioning needs to take into
account both the computational complexity of each
process and the predicted event traffic. Tight
coupling seems to operationally mean a
communications latency no more than about an order
of magnitude larger than the average time to execute
a process from one wait statement to the next.

Several parallel VHDL simulator projects, which
expect to use conservative PDES, are in the design
stages including a product development at TGI
{SO95] and a research project at the University of
Arizona [SG95]. Hopefully their developers will
share experiences at future VIUF conferences.

6 Optimistic Algorithms:

In contrast to conservative simulation, optimistic
simulation allows simulation time on each processor
to advance non-monotonically. Optimistic parallel
simulation protocols include some possibility of a
non-causal message arriving resulting in a "rollback"
to a previous state [DJ85]. A simulator can either



immediately rollback and proceed with the
simulation, or it can check to see if the non-causal
message resulted in any incorrect computations. If
so, the simulator rolls back; otherwise it proceeds
with the simulation. When a rollback does occur, the
state is returned to the last saved state immediately
prior to the non-causal message received. The local
clock is rolled back to the time of the prior state and
work previously performed beyond this point in
simulated time is discarded as incorrect. Incorrect
messages sent out must also be discarded, which can
result in cascading rollbacks and performance
degradation.

Optimistic simulators can use either aggressive
cancellation, in which all incorrect messages are
immediately tracked down and discarded via
"antimessages”, or by lazy cancellation, in which
messages are only discarded after a rollback when
the messages are known to be incorrect. Lazy
cancellation can improve performance by easing the
number of required rollbacks (since some messages
may be correct and not require cancellation). If
erroneous messages are not cancelled immediately;
however, significant work may need to be discarded
once the messages are eventually determined to be
incorrect. Rajan and Wilsey attempt to exploit the
benefits and ameliorate the penalties of each of these
techniques by dynamically switching between
aggressive and lazy cancellation over the course of a
simulation as appropriate [RW95].

Applying throttling mechanisms to restrict the
optimism is another technique to prevent excessive
rollbacks and recomputation, or risk, allowed.
Potential parallelism is sacrificed to reduce the
penalties associated with rolling back state. A good
example of this is Sokol's moving time window
(MTW) protocol, in which local clocks are only
allowed to advance beyond the global simulation
time by a fixed amount of time. Steinman developed
his breathing time buckets protocol to adaptively
change the window size (to "breathe”) based on the
characteristics of the simulation. Research at the
University of Cincinnati includes application of
control theory to adapt to the dynamic conditions of
VHDL simulation [PW93c, PW94].

In order to enable rollbacks, some state saving is
required. An optimistic simulator can either save
state incrementally with each change, or take
periodic checkpoints of its state [FW95]. One can
use analytic techniques to determine which approach
is best [PW93a], or control theory can be employed
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to develop adaptive algorithms for the best state
saving frequency [PW93b]. The simulator can also
either save state to support rollback on an element by
clement basis or it can save state so that all elements
must rollback together. The cost of saving state
information and rollbacks for individual elements is
higher, but rolibacks can be restricted to only the
clements affected by a non-causal event. In essence,
the cost of saving sate must be balanced against the
penalty of rolling back in time. Costa and De Gloria
find there is negligible performance degradation
when the cost of rollbacks is less than 100 VHDL
statements [CG94]. As the rollback cost increases,
simulation performance degradation becomes
significant.

While saving state, the memory requirements of
optimistic algorithms can become excessive. Hence,
"fossil collection” algorithms are used to determine
when it is safe to reclaim memory. As the parallel
simulation progresses, a lower bound on the value of
the local clocks, the "global virtual time” (GVT), is
periodically computed. No rollback can reset a local
clock to a value below the GVT, so the saved state
from before the GVT can be discarded and
simulation results up to the GVT can be committed.
Several algorithms exist for computing GVT and
trade off the computation cost of time spent
computing GVT with the benefit of reducing
memory demands [DFW94].

Thus far, few results from optimistic parallel VHDL
simulation exist. The largest commercial optimistic
VHDL simulation effort to date was developed by
Jade Simulations and Vantage, but no product was
ever sold and no results are known to have been
published.

In recent years, researchers at the University of
Cincinnati and MTL Systems, Inc. developed the
QUEST simulator [CV91] followed by the VAST
simulator [MC94]. These simulators facilitated
research into many of the issues discussed above,
including lazy or aggressive cancellation, throttling
mechanisms, and state saving [DFW94, FW95,
PW93a, PW93b, PW93c, PW94, RW95]. The
QUEST simulator was developed for distributed
memory architectures and a version of Quest also
exists for execution using MPI (thus supporting
either a shared memory or distributed memory
model, but not a mix). VAST evolved from QUEST
to support threaded execution on shared memory,
symmetric multiprocessors. Quest and VAST can
both execute on a network of workstations connected



via Ethernet or SCRAMnet [MC92, MC94]. The
QUEST simulator is freely available for
noncommercial use through MTL Systems. IntellX,
a subsidiary of MTL, is preparing to commercialize
the VAST simulator.

Although parallel simulation protocols typically are
either conservative or optimistic, Hamnes and
Tripathi propose using adaptive protocols to create
simulators that switch between conservative and
optimistic at runtime [HT94]. This may prove to be
the best approach for achieving high performance in
parallel VHDL simulation, although, once again,
resecarch remains to determine which adaptive
techniques are most appropriate for particular types
of models and parallel architecture.

7 Conclusions:

Parallel VHDL simulation has been demonstrated on
almost every widely available parallel computers and
using numerous parallel simulation algorithms. By
way of definition, this paper presented a taxonomy
of parallel architectures, explained some of the
implications VHDL has for PDES, then sketched a
taxonomy of existing parallel VHDL simulators. The
top level branch of this taxonomy divides
conservative and optimistic algorithms. Within the
conservative branch there are both synchronous and
asynchronous subsets. An even wider range of
taxonomy options are available among optimistic
algorithms.

Using this taxonomy, simulation practitioners can
delineate the differences between various approaches
to parallelizing VHDL simulation. This allows
developers to better understand their options and
make more informed choices, helps researchers
understand the current state of the art and the
relevance of certain research efforts, provides a
structure that is useful pedagogically, and gives an
overview of the current state of the art in parallel
VHDL simulation.

The DASC working group’s parallel VHDL
simulation bibliography will evolve over time within
this framework, but can be inspected at any given
time to give a snapshot of the current state of the art
for parallel VHDL simulation. The bibliography
developed by the DASC parallel simulation study
group can use this taxonomy as a framework to
make it casier to find papers relevant to a given
parallel VHDL simulation approach. Parallel VHDL
products available on the market can be classified to
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enable customers to determine which best suit their
needs. Finally, researchers can better understand the
similarities and differences with published results to

help determine trends and techniques to be
incorporated into any recommended practices
document.
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